• It has been proposed that the kidney provides one of the primary mechanisms for the regulation of aldosterone secretion *• -and this control appears to be mediated by the reninangiotensin system. 3 The effects of nephrectomy upon aldosterone secretion, 1 ' "• 4 the demonstration of aldosterone-stimulating activity and pressor activity in the same ammonium sulfate fraction of kidney extracts, 5 the correlation of aldosterone production with renal renin content ' "' • ° and with juxtaglomerular granulation, 5 ' ''• 8 and the aldosterone-stimulating properties of renin and angiotensin H 5> 0> °" 11 all offer strong indirect evidence for the control of aldosterone secretion by the renin-angiotensin system.
Direct evidence for increased renin secretion in secondary hyperaldosteronism, or in the more commonly studied renal hypertension, has not been completely convincing because of the lack of a specific and sensitive assay for renin. Difficulty demonstrating renin in renal venous blood might be expected because of dilution resulting from the rapid renal blood flow. However, evidence for the presence of renin in renal lymph has recently been reported. 12 This finding suggested the possibility that the rate of renin secretion into blood might be reflected in the quantity of renin in lymph. The present study was undertaken to investigate the rate of release of renin into lymph in experimental secondary 218 hyperaldosteronism. The determination of renin was made more specific by assaying both its pressor and aldosterone-stimulating activities.
Methods

EXPERIMENTAL ANIMALS
Secondary hyperaldosteronism was produced in 10 mongrel dogs (15 to 20 kg body weight) by constricting the thoracic inferior vena cava. These animals and normal dogs of similar size were fed a synthetic diet containing 60 mEq sodium and 18 mEq potassium per day. Dogs with thoracic inferior vena caval constriction were kept in metabolic cages and 24-hour urine specimens were analyzed for sodium content by flame photometry. At the time of sacrifice sodium retention was almost complete and massive ascites was present.
As a control experiment to determine the effects of high renal venous pressure upon renin release into lymph, abdominal vena caval constrictions were placed immediately cephalad to the adrenolumbar veins of four dogs. These animals were maintained on the same metabolic regimen as the dogs with thoracic vena caval constriction.
COLLECTION OF LYMPH
Normal dogs were anesthetized with 30 mg of sodium pentobarbital per kg of body weight whereas dogs with caval constriction required smaller doses of pentobarbital to achieve surgical anesthesia. A polyethylene catheter was placed in the thoracic duct through a left thoracotomy, and lymph was collected into a glass graduated cylinder surrounded by ice. All animals were given 20,000 units of heparin intravenously. In dogs with caval constriction, inferior vena caval pressure was monitored with a water manometer. Inferior vena caval pressure was maintained at 200 mm of water or above by tightening the caval ligature as necessary. Two lymph collections, one of at least 30 minutes duration, were made. Then bilateral nephrectomy was performed, and 30 minutes later lymph collection was re- sutned. Normal saline, equal in volume to the lymph sample, was given intravenously during each collection. Immediately after collection, lymph samples were centrifuged at 0°C to 3°C to remove any trace of blood, and the cell-free supernatant was frozen until preparation for assay.
PREPARATION OF LYMPH FOR ASSAY
Lymph was prepared for assay by the method of Helmer 13 (fig. 1 ). After titration to pH 5.5 with 1 N HC1, samples were dialyzed overnight against cold tap water. Saturated NaCl solution, 0.026 ml/ml of experimental sample, was added to achieve a chloride content in excess of that of plasma. After centrifugation, the pH was adjusted to 5.5 with 1 N HC1 and the samples were incubated at 37 °C for one hour to allow formation of angiotensin n, then chilled to stop the enzymatic reaction. The samples were kept frozen until assayed.
Lymph samples from dogs with caval constriction were large in volume, and those to be assayed for steroidogenic activity were concentrated by freeze-drying. The dry material was dissolved in water and diluted to a final volume of 1 ml/min duration of the collection period for that sample. Saturated sodium chloride solution was then added as calculated for the reduced volume, and the sample incubated as described above.
PRESSOR ASSAY
Pressor activity of prepared lymph was determined by injection through a catheter into one external jugular vein of an anesthetized (sodium Procedure for preparation of lymph for pressor and steroidogenic assays.
pentobarbital, 50 mg/kg), vagotomized, pentolinium-treated (25 mg/kg) rat. Synthetic valine-5-angiotensin n,° 200 rrvg/ml in saline, was injected through a catheter into the opposite jugular vein. The volume of each injection did not exceed 0.1 ml. Mean arterial blood pressure was measured by a Statham strain gauge connected to a catheter in the common carotid artery. The precision of this bio-assay has been demonstrated by Boucher et al.; 14 the procedure is a modification of a pressor assay described by Peart. 15 Angiontensin-like activity in samples of lymph was determined by comparing the magnitude of the blood pressure response to an injection of prepared lymph with a dose-response curve which was made with synthetic angiotensin II. In each rat used for assay, frequent injections of the standard synthetic angiotensin n solution were made between assays of prepared lymph samples. The results are expressed as millimicrograms of angiotensin-like activity.
ASSAY FOR STEROIDOGENIC ACTIVITY
Steroidogenic activity was assayed by infusing a 30-minute collection of prepared lymph at 1 ml/min for 30 minutes through the isolated adrenal glands of a nephrectomized, hypophysectomized dog prepared by the method of Hilton et al. 18 Saline and solutions of synthetic angiotensin II in saline were infused at the same rate and for the same length of time. Samples of adrenal effluent were collected by a previously described method. 17 Adrenal venous plasma was assayed for aldosterone and corticosterone by the double isotope derivative method 18 and plasma sodium and potassium were determined by flame photometry. Arterial blood pressure at the adrenal glands was measured by means of a Statham strain gauge attached to a catheter placed in the isolated aorta.
SUBSTRATE ASSAY
The renin substrate of prepared, unincubated lymph of five of the normal dogs was assayed by the following procedure. Five ml of each sample of lymph were placed in each of two flasks. To one was added 1 ml of 0.05 M sodium acetate buffer, pH 5.5, and to the other 1 ml of renin substrate (equivalent to the renin substrate contained in approximately 7 ml plasma) in the acetate buffer, prepared according to Schales et al. 10 The flasks were incubated in a water bath at 37°C for one hour, at the end of which 2 ml aliquots were taken from each for assay. Then, two Goldblatt units of dog renin, prepared° Synthetic valine-5-angiotensin n was generously provided by Dr. Robert Gaunt of Ciba Pharmaceutical Products, Inc., Summit, New Jersey. Angiotensin-like pressor activity in prepared, incubated thoracic duct lymph from normal dogs and dogs with hyperaldosteronism secondary to thoracic inferior vena caval constriction.
from dog kidneys by the method of Haas and Goldblatt, 20 were placed in the flask to which no extra substrate had been added and the incubation was continued for five minutes, after which a final 2-ml sample was taken. Immediately after each aliquot was taken, it was heated in boiling water for 10 minutes to stop enzymatic activity. After heating, the samples were cooled, centrifuged, and the supernatant was assayed in the rat for pressor activity.
Results
ANGIOTENSIN-LIKE PRESSOR ACTIVITY IN PREPARED LYMPH
The concentration of angiotensin-like pressor material in prepared, incubated, thoracic duct lymph of eight dogs with thoracic vena caval constriction averaged 43 m^g/ml as compared to 21 m/ng/ml for lymph of ten normal dogs (P < 0.05). Lymph flow averaged 4.39 ml/min in 10 dogs with thoracic vena caval constriction and 0.65 ml/min in the 10 normal dogs, a difference significant at the 1% level. When flow rate is considered and angiotensin-like pressor activity in prepared, incubated, thoracic duct lymph is expressed as m/ig/min, the activity in lymph of normal dogs averaged 15 m/*g/min as compared to 156 m^g/min in lymph of dogs with thoracic vena caval constriction (P < 0.01) ( fig. 2 ). It should be emphasized that the quantity of angiotensin n formed during incubation reflects the amount of renin present in lymph rather than the actual in vivo rate of entrance of angiotensin into the blood stream via the thoracic duct.
All 10 normal dogs and 7 of the 10 animals with thoracic vena caval constriction were nephrectomized after the initial sampling of lymph. Lymph from every dog with elevated lymph pressor activity showed a fall in activity after nephrectomy ( fig. 2 ). Dog no. 6 of figure 2 is of interest because of the extremely high angiotensin-like activity both before and after nephrectomy. Both the concentration and flow rate were elevated in this animal. Even though recirculating renin activity appears high, the effect of nephrectomy is demonstrated by the progressive decline of activity from 365 m^g/min at 33 minutes after nephrectomy to 146 m/*g/min at 63 minutes post-nephrectomy. These findings indicate a renal origin of the pressor material in prepared lymph.
The four dogs with suprarenal vena caval constriction did not retain sodium or develop DUAL ASSAY OF RENIN IN LYMPH 221 ascites even though these animals had vena caval pressures as high as those of dogs with thoracic inferior vena caval constriction. These findings confirm an earlier study. 21 The prepared, incubated lymph of dogs with suprarenal caval constriction contained an average of 22 m/tg/ml angiotensin-like activity, with a range from 15 to 29 m^g/ml. Thoracic duct lymph flow rate in this group averaged 1.92 ml/min. Angiotensin-like activity per minute averaged 34 m/ig/min with a range of 17 to 67 nvg/min. This value is distinctly lower than the average of 156 m/ng/min for lymph from dogs with thoracic vena caval constriction and indistinguishable from the average value for lymph of normal dogs.
ANGIOTENSIN-LIKE STEROIDOGENIC ACTIVITY IN PREPARED LYMPH
Results from an assay of steroidogenic activity in the isolated adrenal preparation are illustrated by figure 3. Control samples of adrenal venous blood were collected during infusion of saline into the adrenal arterial supply and secretion rates of aldosterone and corticosterone were measured. At the end of a 30-minute infusion of a prepared 30-minute collection of lymph from a normal dog, corticosterone output increased slightly but aldosterone secretion was unchanged. Corticosterone secretion returned to the control level during a recovery period with saline infusion. Infusion of a prepared 30-minute collection of lymph from a dog with thoracic caval constriction produced a marked increase of both aldosterone and corticosterone secretion. The succeeding saline infusion was of insufficient duration for aldosterone and corticosterone secretion rates to return to the control levels, but a decline in the secretion rates of both hormones occurred. This slow decline of Effects of infusions of prepared thoracic duct lymph and synthetic angiotensin n upon steroid secretion of the isolated adrenals of a nephrectomized, hypophysectomized dog. steroid secretion rates was also seen during the 30-and 60-minute post-infusion periods after infusion of synthetic angiotensin n (table 1). Infusion of synthetic angiotensin n, with pressor activity equal to that of the lymph from the dog with a caval constriction, resulted in a similar elevation of aldosterone secretion, but less elevation of corticosterone output.
HIGGINS, DAVIS, URQUHART
Seven assays of steroidogenic activity in isolated adrenals were made with prepared lymph of normal dogs, six with lymph of dogs with caval constriction, and six with synthetic angiotensin H. The results are presented in tables 1 to 3. There was a definite increase in aldosterone secretion in response to five of the six lymph samples from dogs with caval constriction; the increase for the entire group is significant at the 1% level. As with response to synthetic angiotensin II, aldosterone secretion remained elevated in four of the five dogs during the post-infusion period. The average amount of angiotensin II infused in this group, as measured by the pressor assay, was 3.9 /*g. Infusion of synthetic angiotensin II, with an average dose of 5.6 /xg, produced a marked increment in aldosterone secretion (P < 0.01). In only two assays of lymph of normal dogs (experiments 1 and 5, table 3) was there an increase in aldosterone secretion, and there was no significant increase for the entire group (P > 0.7).
Lymph from all but one dog with thoracic vena caval constriction (experiment 2, table 2) produced an increase in corticosterone secretion. Experiment 2 showed a high control corticosterone secretion rate which makes evaluation of the response in this animal and statistical analysis of the group meaningless. This problem occasionally arises because of a high level of circulating ACTH resulting from incomplete hypophysectomy during surgical preparation of the isolated adrenal assay animal. Lymph from normal dogs stimulated corticosterone secretion in three experiments (1, 3, and 6, table 3). In experiments 1 and 3, the increases in corticosterone secretion are comparable to the responses to lymph from dogs with caval constriction. Infusion of synthetic angiotensin u produced a definite increase in corticosterone secretion in all six assays. Changes in arterial pressure measured in the isolated aorta appeared to have no relation to the amounts of synthetic angiotensin n or of rat pressor activity of lymph infused.
Plasma sodium and potassium concentrations were determined on adrenal effluent before and during all infusions into the isolated adrenal preparations, and were found to be essentially unchanged.
RENIN SUBSTRATE IN LYMPH
Lymph samples from five of the ten normal dogs were assayed to determine the availability of renin substrate in the lymph after preparation by dialysis and acidification. The addition of excess substrate before incubation resulted in the formation of amounts of angiotensin which were approximately the same as those produced by the routine method. Similarly, after the routine incubation there was sufficient substrate remaining in the five samples to react with added renin (table  4 ). These results demonstrate that lymph of normal dogs contains sufficient renin substrate for the assay used in these studies.
Discussion
Evidence for renin secretion in experimental renal artery stenosis was reported in 1937,--' and in 1946 Merrill et al. 23 showed increased renin-like pressor material in renal vein blood of patients with heart failure. A large number of subsequent publications have presented evidence for renin secretion by the kidneys, but, as the large number of assays for renin and angiotensin n suggests, there has been no assay method with sufficient specificity and sensitivity to prove conclusively that renin is secreted into blood. 12 ' -*• 2 " A method with high sensitivity is necessary because the amount of renin present in the blood is estimated to be quite small. 20 Since the renal blood flow is approximately one-fifth of the cardiac output, the renal venous concentration of a substance secreted by the kidney might be expected to be small. The lack of a specific quantitative assay for renin or angiotensin 11 has been one of the major obstacles in the investigation of the renin-angiotensin system. The best available preparations of renin are quite impure, and in all assays for renin, it is angiotensin n which is ultimately assayed. Angiotensin n is a small polypeptide, and there is no chemical assay that is specific for any of the hormones with this structure. From the simple injection of crude renin preparations into intact dogs to the complex methods of partial purification of renin or angiotensin n, all previous assays have involved the bio-assay of angiotensin n by its vasopressor, vasoconstrictor or other smooth muscle activity. None of these bio-assays are specific for angiotensin n.
Lever and Peart 12 did not detect renin in renal vein blood and they turned to renal lymph to study renin production. Renal lymph and thoracic duct lymph of normal dogs and dogs with acute renal artery stenosis were found to have pressor activity in rats by direct injection of raw lymph and by injection of lymph incubated with dog plasma. The pressor material formed during incubation behaved like angiotensin n on filtration, chromatography, dialysis, and heating. These authors suggested that the slow rate of lymph flow might result in renin concentrations in lymph higher than those of renal vein plasma. Consequently, lymph was chosen for assay in the present study of renin in experimental secondary hyperaldosteronism.
Before considering the present method of preparation of lymph for assay, it is necessary to understand the enzymatic reactions of the renin-angiotensin system. Renin is an enzyme; it acts on the renin substrate, an alpha-2 globulin, to split off a decapeptide, angiotensin i. The converting enzyme, which requires chloride as a cofactor, cleaves two amino acid residues from angiotensin i to form the bio- logically active end product angiotensin u. 2 
Response of Isolated Adrenal Glands to Infusion of a 30-Minute Collection of Prepared Lymph from Normal Dogs
"
Since renin substrate is present in excess in plasma and lymph, 12 ' -7 the concentration of angiotensin 11 is determined by the concentration of renin.-s The precise role of the angiotensin ix degrading enzyme, angiotensinase, in determining angiotensin n concentrations in plasma and lymph remains to be clarified. The method of preparation of samples for assay of renin content used in this study was devised by Helmer and makes use of the fact that after incubation with adequate renin substrate, the amount of angiotensin n formed reflects the amount of renin present. 13 This method facilitates assay of small amounts of renin by the formation of angiotensin n in amounts adequate for assay. Preformed pressor materials are removed from the sample by dialysis, and angiotensinase activity is inhibited by acidification. Helmer has demonstrated the validity of the method by showing disappearance of renin substrate during incubation, by inactivation of the system by boiling before incubation, by showing a requirement for chloride ions during incubation, and by demonstrating that the product formed is inactivated by proteolytic enzymes, is dialyzable, is adsorbed on charcoal, and has pressor effects which are not blocked by phentolamine. This method has been used Circulation Research, Volume XIV, March 1964 here to estimate renin indirectly by assaying its end product angiotensin n. The results of the present studies are expressed as millimicrograms of angiotensin-like pressor activity rather than units of enzyme.
The marked increase in pressor activity in prepared lymph from dogs with experimental secondary hyperaldosteronism suggests that increased amounts of angiotensin 11 are formed during incubation of lymph from these dogs. Additional evidence tiiat the pressor material in incubated lymph was angiotensin u was obtained by assaying it for steroidogenic activity. The dialyzed, incubated lymph of dogs with secondary hyperaldosteronism was found to contain an active substance which stimulated an increase in aldosterone and corricosterone secretion by the isolated adrenal gland. This response was similar to the response of the isolated adrenal gland to synthetic angiotensin n. Whereas prepared lymph from dogs with caval constriction produced an 80% increase in aldosterone secretion, the amount of angiotensin n in lymph from the group of normal dogs was insufficient to increase aldosterone secretion.
In the present study, renin substrate was assayed in lymph of five normal dogs to examine the possibility that the low yields of angiotensin n in normals were limited by substrate exhaustion during incubation and to determine the effect of increased substrate concentration upon the yield of angiotensin n. In the incubation mixture used for this study, the amount of angiotensin n formed appears unchanged by a greater than twofold increase in renin substrate concentration. The formation of additional angiotensin u when renin was added after the routine one-hour incubation demonstrates that lymph of normal dogs contains sufficient renin substrate for this method of renin assay.
To determine whether increased venous pressure in the kidney might itself cause an increase in lymph renin content, possibly by changing the relative distribution of renin between plasma and lymph, thoracic duct lymph of dogs with suprarenal abdominal vena caval constriction was assayed for pressor activity in the rat after the standard prepara-tion and incubation. Lymph from these animals showed normal concentrations of angiotensin-like pressor activity after incubation.
Relative amounts of renin released into lymph and renal venous blood are unknown and must await demonstration and quantification of renin in renal venous blood by a method specific for renin. Since increased renal venous pressure alone does not affect the partition of renin between plasma and lymph, present results, utilizing a more specific dual assay for renin, indicate increased secretion of renin by the kidneys into the body fluids of the dog with hyperaldosteronism secondary to thoracic inferior vena caval constriction.
Summary
Thoracic duct lymph from normal dogs and from dogs with hyperaldosteronism secondary to thoracic inferior vena caval constriction was assayed for renin. After acidification, dialysis and incubation, lymph from animals with caval constriction showed more angiotensin-like material than lymph of normal dogs when assayed for both pressor and aldosteronestimulating activities. Nephrectomy was followed by a marked decrease or disappearance of renin activity from lymph. Lymph from dogs with renal venous hypertension secondary to abdominal vena caval constriction did not show increased renin content. Dual assay makes detection of angiotensin n more specific and the findings indicate that increased amounts of renin are released from the kidney into lymph of dogs with experimental secondary hyperaldosteronism.
